Abstract -ll& paper s h m that the Unified Power Flow Controller (UPFC) is able to control both the transmitted real power and, independently, the reactive power flows at the sending-and the recebing-end of the transmission line. The unique capabilities of the UPFC in multiple line Compensation are integrated into a generalized power flow controller that is able to maintain prescribed, and independently controllable, real power and reactive p e r flow in the line. The paper describes the basic concepts of the proposed generalized P and Q controller and compares it to the more conventional, but related power flow c o n t r o l e~ such as the l%y&br-Controlled Series Capacitor and Thyristor-Controlled Phase Angle Regulator. The paper also presents results of computer simulations showing the performance of the UPFC under different system conditions.
The Unified Power Flow Controller consists of two switching converters, which in the implementations considered are voltagesourced inverters usinggate tzun-off (GTO) thyritorvalves, as illustrated in Fig. 1 . These inverters, labelled "Inverter 1" and "Inverter 2" in the figure, are operated from a common dc link provided by a dc storage capacitor. This arrangement functions as an ideal acto ac power converter in which the real power can freely flow in either direction between the ac terminals of the two inverters and each inverter can independently generate (or absorb) reactive power at its own ac output terminal.
Inverter 2 provides the main function of the UPFC by injecting an acvoltage vw with controllable magnitude Vm (OsV,sV& and phase angle Q ( O S Q S~~) , at the power frequency, inserh with line via an insertion transformer. This injected voltage can be considered essentially as a synchronous ac voltage source'. The transmission line current flows through this voltage source resulting in real and reactive power exchange between it and the ac system. The real power exchanged at the ac terminal (i.e., at the terminal of the insertion transformer) is converted by the inverter into dc power which appears at the dc link as positive or negative real power demand. The reactive power exchanged at the ac terminal is generated internally by the inverter.
The basic function of Inverter 1 is to supply or absorb the real It is important to note that whereas there is a closed "direct" path for the realpower negotiated by the action of series voltage injection through Inverters 1 and 2 back to the line, the corresponding reactive power exchanged is supplied or absorbed locally by Inverter 2 and therefore it does not flow through the line. Thus, Inverter 1 can be operated at a unity power factor or be controlled to have a reactive power exchange with the line independently of the reactive power exchanged by Inverter 2. This means that there is no continuous reactive power flow through the UPFC. Viewing the operation of the Unified Power Flow Controller from the standpoint of conventional power transmission based on reactive shunt compensation, series compensation, and phase shifting, the UPFC can fulfill all these functions and thereby meet multiple control objectives by adding the injected voltage vp4, with appropriate amplitude and phase angle, to the terminal voltage v,. Using phasor representation, the basic UPFC power flow control functions are illustrated in Fig. 2 . Terminal voltage regulation, similar to that obtainable with a transformer tap-changer having infinitely small steps, is shown at (a) where Vm=AV(boldface letters represent phasors) is injected in-phase (or anti-phase) with V, .
Series capacitive compensation is shown at (b) where Vm=Vc is 0885-8977/95/$04.00 0 1994 IEEE injected in quadrature with the line current I .
Transmtrswn angle regulation @hue sh$ing) is shown at (c) where V,=Vo is injected with an angular relationship with respect to Vo that achieves the desired CJ phase shift (advance or retard) without any change in magnitude.
M d t i -j i " powerflow control, executed by simultaneous terminal voltage regulation, series capacitive line compensation, and phase shifting, is shown at (d) where V,=AV+V,+V,.
The powerful, hitherto unattainable, capabilities of the UPFCsummarized above in terms of conventional transmission control concepts, can be integrated into a generalized power flow controller that is able to maintain prescribed, and independently controllable, real power P and reactive power Q in the line. Within this concept, the conventional terms of series compensation, phase shifting etc., become irrelevant; the UPFC simply controls the magnitude and angular position of the injected voltage in real time so as to maintain or vary the real and reactive power flow in the line to satisfy load demand and system operating conditions.
In the following sections, the paper describes the basic concepts of the generalized P and Q controller, compares it to the more conventional power flow controllers, such as the Thyristor-Controlled Series Capacitor, and Thyristor-Controlled Phase Angle Regulator, delineates the principles of the electronic control used in the implementation, and presents results of computer simulations showing the performance of the UPFC under steady-state and dynamic system conditions. The basic power system of Fig. 3 with the well known transmission characteristics is introduced for the purpose of providing a vehicle to establish the capability of the UPFC to control the transmitted real power P and the reactive power demands, Q, and Q,, at the sending-end and, respectively, the receiving-end of the line.
BASIC PRINCIPLES OF P AND
Consider Fig. 4 where the simple power system of Fig. 3 is expanded to include the UPFC. The UPFC is represented by a controllable voltage source in series with the line which, as explained in the previous section, can generate or absorb reactive power that it negotiates with the line, but the real power it exchanges must be supplied to it, or absorbed from it, by the sending-end generator. The voltage injected by the UPFC in series with the line is represented by phasor V,havingmagnitude Vw (O<V,<O.Sp.u.) and angle p(O<p<36@') measured from the given phase position of phasor as illustrated in the figure. The line current, represented by phasor I, flows through the series voltage source, V,, and generally results in both reactive and real power exchange. In order to represent the UPFC properly, the series voltage source is stipulated to generate only the reactive power Q, it exchanges with the line. Thus, the real power P, it negotiates with the line is assumed to be transferred to the sendingend generator as if a perfect coupling for real power flow between it and the sending-end generator existed. This is in agreement with the UPFC circuit structure in which the dc link between the two constituent inverters establishes a bi-directional coupling for real power flow between the injected series voltage source and the sendingend bus. As Fig. 4 implies, in the present discussion it is further assumed for clarity that the shunt reactive compensation capability of the UPFC is not utilized. That is, the UPFC shunt inverter is assumed to be operated at unitypower factor, its sole function being to transfer the real power demand of the series inverter to the sending-end generator. With these assumptions, the series voltage source, together with the real power coupling to the sending-end generator as shown in Fig. 4 , is an accurate representation of the basic UPFC.
It can be readily observed in Fig. 4 that the transmission line "sees" V,+ V, as the effective sending-end voltage. Thus, it is clear that the UPFC affects the voltage (both its magnitude and angle) across the transmission line and therefore it is reasonable to expect that it is able to control, by varying the magnitude and angle of V' , the transmittable real power as well as the reactive power demand of the line at any given transmission angle between the sending-end and receiving-end voltages.
In Figs. 5a through 5d the reactive power Q, supplied by thesending-endgenerator, and Q, supplied by the receiving-end generator, are shown plotted separately against the transmitted powerP as a function of the magnitude V, and angle p of the injected voltage phasor V, at four transmission angles: S=O, 30", 604 and 90". At Vw=O, each of these plots becomes a discrete point on the basic Q-P curve shown in Fig. 3d , which is included in each of the above figures for reference. The curves showing the relationships between Qs and P, and Q, and P, for the transmission angle range of 0~6 1 9 @ ' , when the UPFC is operated to provide the maximum transmittable power with no reactive power control (V, =V, , -and p=pP+,,,), are also shown by a broken-line with the label "P(S)=MAX" at the "sending-end'' and, respectively, "receiving-end" plots of the figures.
Consider first Fig. 5a , which illustrates the case when the transmission angle is zero (S=O). With V,=O, P, Q, and Q, are all zero, i.e., the system is at standstill at the origins of the Q, ,P and Q, ,P coordinates. The circles around the origin of the 1 Qs,P} and { Q, ,PI planes show the variation of Qs and P, and Q, and P, respectively, as the voltage phasor V' , with its maximum magnitude VF is rotated a full revolution (O<pS360"). The area within these circles define all P and Q values obtainable by controlling the magnitude V and angle p of phasor V,. In other words, the circle in the { Q, ,d and { Q, ,P} planes define all P and Q, and, respectively, P and Q, values attainable with the UPFC of a given rating. It can be observed, for example, that the UPFCwith the stipulatedvoltage rating of 0.5 p.u. In general, at any given transmission angle 6, the transmitted real power P, and the reactive pawer demands at the transmission line ends, Q, and Qr , can be controlled freely by the UPFC within the boundaries obtained in the { 12, ,PI and { Q, ,PI planes by rotating the injected voltage phasor Vp4 with its maximum magnitude a full revolution. The boundary in each plane is centered around the point defined by the transmission angle on the Q versus Pcurve that characterizes the basic power transmission at V,=O.
Considering next the case of S=3ff (Fig. Sb) , it is seen that the receiving-end control region in the { Q, ,PI plane is again defined by a circle, however, the sending-end control region boundary in the I Q, ,PI plane becomes an ellipse. As the transmission angle S is further increased, for example, to 60" (Fig. Sc) , the ellipse defining the control region for P and Qs in the { Q, ,PI plane becomes narrower and finally at 90" (Fig. Sd) it degenerates into a straight line. By contrast, the control region boundary for P and Q, in the ( Q, ,f'} plane remains a circle at all transmission angles.
Figs. Sa through 5d clearly demonstrate that the UPFC, with its unique capability to control independently the real and reactive power flow at any transmission angle, provides a powerful new tool for transmission system control.
In order to establish the capabilities of the UPFC in relation to other, related power flow controllers, such as the ThyristorControlledSeries Capacitor (TCSC), and the Thyristor-Controlled Phase Angle Regulator (TCPAR), a basic comparison between the power flow control characteristics of these and the UPFC is presented in the next section. The basis chosen for this comparison is the capability of each type of power flow controller to vary the transmitted real power and thereactive power demand at the receiving-end. The receiving end var demand is usually an important factor because it significantly influences the variation of the line voltage with load demand, the overvoltage at load rejection, and the steady-state system losses. Similar comparison, of course, could easily be made at the sending-end, but the results would be quite similar, at least at practical transmission angles.
COMPARISON O F THE UPFC TO THE TCSC AND TCPAR
Consider again the simple two machine system (two bus intertie) shown in Fig. 4 . This model can be used to establish the basic transmission characteristic of the Thyristor-Controlled Series Capacitor and Thyristor-Controlled Phase Angle Regulator by using them in place of the UPFC to establish their effect on the Q versus Pcharacteristic of the system at different transmission angles.
Comparison of the UPFC to the TCSC Thyristor-Controlled Series Capacitor scheme^^.^ typically use a thyristor-controlled reactor in parallel with a capacitor to vary the effective series compensating capacitance. In practice, several capacitor banks, each with its own thyristor-controlled reactor, may be used to meet specific application requirements. For the purpose of the present investigation, the TCSC, regardless of its practical implementation, can be considered simply as a continuously variable capacitor whose impedance is controllable in the range of OSX&X-The controllable series capacitive impedance cancels part of the reactive line impedance resulting in a reduced overall transmission impedance (i.e., in an electrically shorter line) and correspondingly increased transmittable power.
The Thyristor-Controlled Series Capacitor is an actively controlled capacitive impedance which can affect only the magnitude of the current flowing through the transmission line. At any given impedance setting of the TCSC, a particular line impedance is defined at which the transmitted power is strictly determined by the transmission angle (assuming a constant amplitude for the end voltages). Therefore, the reactive power demand at the end-points of the line is determined by the transmitted real power in the same way as if the line was uncompensated but had a lower line impedance. Consequently, the relationship between the transmitted power P and the reactive-power demand at the receiving-end Q, can be represented by a single Qr-P curve for the TCSC compensated line in the two machine system shown in Fig. 6 at any series capacitive impedance in the range of OsX,=X-(The same curve, of course, also describes the Q,-P relationship.) This means that an infinite number of Q,-Pcuwes can P={ V'/(X-XJ} sin8 and e,=( V'/(X-X,)} (l-cosS} , with X, varying between 0 and X -Evidently, a given transmission angle defines a single point on each Qr-P curve obtained with a specific value of X,. Thus, the progressive increase of X, from zero to Xcm could be viewed as if the point, defining the corresponding P and Q,values at the given transmission angle on the first Q,-P curve which represents the power transmission with no compensation (X,=O), moves through an infinite number of Q,-P curves representing progressively increasing series compensation until it finally reaches the last Q,-P curve that represents the power transmisjion with maximum series compensation.
The first Qr-P curve, representing the uncompensated power transmission, may be considered as the lower boundary curve and identified by ( Q, -P) , -, .
The last Q,-P curve, representing the power transmission with maximum series compensation, may be considered as the upper boundary curve and identified by (e,-P),,,. Note that, as before, all Q,-P curves are considered only for the "stable" range of the transmission angle ( 0~6~9 0 " ) .
The plots in Figs Consider Fig. 7a which illustrates the case when the transmission angle is zero (S=O). Since the TCSC is an actively-controlled, but functionallypassive impedance, the current through the line with the compensated impedance (X-XJ remains invariably zero, regardless of the of the actual value of X,. Thus both P and Q, are zero, the system is at standstill, which condition cannot be changed by the TCSC. By contrast, since the UPFC is an actively-controlled voltage source, it can force up to 0.5 p.u. real power flow in either direction and also control reactive power exchange between the sending-end and receiving-end buses within the circular control region shown in the figure.
The Q,-P characteristic of the TCSC at 6=3@ is shown in Fig.   7b . As seen, the relationship between Q, and P, for the total range of series compensation, OSSSW, is defined by a straight line connecting the two related points on the lower and upper boundary curves, (Q,-P),owe, and (Q,-P),p,, which represent the power transmission at S =30", with zero and, respectively, maximum series compensation.
It can be observed that, as expected, the TCSC controls the real power by changing the degree of series compensation (and thereby the magnitude of the line current). However, the reactive power demand of the line cannot be controlled independently; it remains a direct function of the transmitted real power obtained at S=3@ with valying
It is also to be noted that the achievable maximum increase in transmittable power attainable with the TCSC is a constant percentage (defined by the maximum degree of series compensation) of the power transmitted with the uncompensated line at the given transmission angle. In other words, the maximum increase attainable in actual transmitted power is much less at small transmission angles than at large ones. This is due to the fact that the TCSC is a series impedance and thus the compensating voltage it produces is proportional to the line current, which is a function of angle S. By contrast, since the UPFC is a voltage source, the maximum compensating voltage it produces is independent of the line current (and of angle 8). Therefore the maximum change (increase or decrease) in transmittable power, as well as in receiving-end reactive power, achievable by the UPFC is not a function of angle S and is determined solely by the maximum voltage the UPFC is rated to inject in series with the line (assumed 0.5 p.u. in this paper). This characteristic of the UPFC is evident from the circles of identical radius defining the control regions of the UPFC for the four different transmission angles considered.
Figs. 7c and 7d, showing the Q,-Pcharacteristics of the TCSC and the UPFC at S=60" and S=90", respectively, further illustrates the above observations. The range of the TCSC for real power control remains a constant percentage of the power transmitted by the uncompensated line at all transmission angles (OSSSW), but the maximum actual change in transmitted power progressively increases with increasing S and it reaches that of the UPFC at &=go". However, it should be noted that whereas the maximum transmitted power of 1.5 P.u., obtained with the TCSC at full compensation, is associated with 1.5 p.u. reactive power demand at the receiving-end, the same 1.5 p.u. power transmission is achieved only with 1.0 p.u. reactive power demand when the line is compensated by a UPFC.
From Figs. 7a through 7d, it can be concluded that the UPFC has superior power flow control characte&tics compared to the TCSC it can control independently both real and reactive power over a broad range, its control range in terms of actual real and reactive power is independent of the transmission angle, and it can control both real and reactive power flow in either direction at zero (or at a small) transmission angle.
Comparison of the UPFC to the TCPAR Phase Angle Regulators (PARS) provide controllable quadrature voltage injection in series with the line. The commercially available PARS employ a shunt-connected evcitatwn transformer with appropriate taps on the secondary windings, a mechanical tap-changing gear, and a series insertion transformer. The excitation transformer has wye to delta (or delta to wye) windings and thus the phase to phase secondary voltages are in quadrature with respect to the corresponding primary phase to neutral voltages. These voltages, via the tap-changing gear and the series insertion transformer, are injected in series with the appropriate phases of the line. As a result, the two sets of threephase voltages, obtained at the two ends of the series insertion transformer, are phase shifted with respect to each other by an angle a, where o=tan-'(V, w; Vu is the magnitude of the series injected voltage and Vis the magnitude of the line voltage (phase to neutral). Since the voltage injection can be of either polarity, amay represent either phase advance or retard.
The Thyristor-Controlled Phase Angle Regulators (TCPARs) are functionaUy similar to the conventional PARS, except for the mechanical tap-changer which is replaced by.an appropriate thyristor switch arrangement. Like their mechanically-controlled counterparts, they also provide controllable, bi-directional, quadrature voltage injection. However, their control can be continuous or steplike, but the continuous control is usually associated with some harmonic generation. For the purpose of the present investigation, the practical implementation of the TCPAR is unimportant. For simplicity, the TCPAR is considered as an ideal phase angle regulator, which is able to vary continuously the phase angle between the voltages at the two ends of the insertion transformer in the control range of -am~asa,,without changing the magnitude of the phase shifted voltage from that of the original line voltage.
A basic, and in the present investigation important, attribute of all conventional (mechanical and thyristor-controlled) phase angle regulators, including the ideal one stipulated above, is that the total VA (i.e., both the real power and the vars) exchanged by the series insertion transformer appears at the primary of the excitation transformer as a load demand on the power system. Thus, both the real and the reactive power the phase angle regulator supplies to, or absorbs from, the line when it injects the quadrature voltage must be absorbed from it, or supplied to it by the ac system. By contrast, the UPFC itself generates the reactive power part of the total VA it exchanges as a result of the series voltage injection and it presents only the real power part to the ac system as a load demand.
Consider Fig. 8 where the previously considered two machine system shown again with a TCPAR assumed to function as an ideal phase angle regulator. For this, the transmitted power, and the reactive power demands at the sending-end and receiving-end, can be described by relationships analogous to those characterizing the un- where S'=S-a. Thus, it is clear that the TCPAR cannot increase the maximum transmittable power, P=V'/X, or change Q, at a fixed P.
Consequently, the Q,-P relationship, with transmission angle 8' (OS~'SW) controlling the actual power transmission, is identical to that of the uncompensated system shown in Fig. 3d . The function of the TCPAR is simply to establish the actual transmission angle S', required for the transmission of the desired powerP, by adjusting the phase-shift angle a so as to satisfy the equation S'=S-a at a given S, the angle existing between the sending-end and receiving-end voltages. In other words, the TCPAR can vary the transmitted power at a fixed 6, or maintain the actual transmission angle 8' constant in the face of a varying 6, but it cannot control the reactive power flow independently of the real power.
The plots in Figs. 9a through 9d present the Ql-P relationship for the TCPAR in comparison to that of the UPFC at S=P, 30", 604
and W. It can be observed in these figures that the control range centers around the point defined by the given value of angle S=So(=O", 30", 604 90") on the Q,-P curve characterizing the uncompensated power transmission (V,=O for the TCPAR and VM=O for the UPFC).
As the phase-shift angle a is varied in the range of -30"Sa~30"
(which corresponds to the maximum inserted voltage of V,=O.S P.u.), this point moves on the uncompensated Qr-P curve in the same way as if the fixed angle So wasvaried in the range of S,-30"SS0~S,+30". Consequently, the TCPAR, in contrast to the TCSC, can control effectively real power flow, as illustrated in Fig. 9a , when the angle between the sending-end and receiving-end voltages is zero (S=O).
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1=60" The Qr versus P plots in Fig. 9 clearly show the general superiority of the UPFC over the TCPAR for power flow control: The UPFC has awider range for real power control and facilitates the independent control of the receiving-end reactive power demand over a broad range. For example, it is seen that the UPFC can facilitate up to 1.0 p.u. real power transmission with unity p e r factor at the receivingend (Ql=O), whereas the reactive power demand at the receiving-end would increase with increasing real power (Q, reaching 1.0 p.u. at P = L O P.u.), in the manner of an uncompensated line, when the power flow is controlled by the TCPAR.
IMPLEMENTATION O F P, Q CONTROL AND THE DYNAMIC PERFORMANCE OF THE UPFC
The preceding discussion has demonstrated the superior capability of the UPFC to establish an advantageous range of P, Q operating conditions on a transmission line for a given S angle between sendingand receiving-end voltages. The capability of the UPFC results from its unique ability to inject an arbitrary voltage vector in series with the line upon command, subject only to equipment rating limits. (The term vector, instead of phasor, is used in this section to represent a set of three instantaneous phase v?riables9, voltages or currents, that sum to zero. The symbols 0 and i are used for voltage and cur-rent vectors.) Because of its electronic controls, the UPFC can cause the series-injected voltage vector to vary rapidly and continuously in magnitude and/or angle as desired. It is thus not only able to establish an operating point within a wide range of possible P, Q conditions on the line, but also has the inherent capability to transition rapidly from one such achievable operating point to another.
The UPFC control system may be divided functionally into intemal and ertemal controls. The internal controls operate the two inverters so as to produce the commanded series injected voltage and, simultaneously, draw the desired shunt reactive current. The internal controls provide gating signals to the inverter valves so that the inverter output voltageswill respond in accordance with the control structure illustrated in Fig. 10 . From this figure it can be seen that the series inverter responds directly and independently to the demand for series voltage vector injection. Changes in series voltage vector, UN, can therefore be effected virtually instantaneously. In contrast, the shunt inverter operates under closed-loop current vector control whereby the shunt real and reactive power components are independently controlled. The shunt reactive power responds directly to an input demand. The shunt real power is dictated by another control loop that acts to maintain a preset voltage level on the dc link, thereby ensuring the required real power balance between the two inverters. As mentioned previously, the inverters do not exchange reactive power through the link. The extemal controls are responsible for generating the demancis for series voltage vector, Om, and shunt reactive current vector, jq. These demands can be set to arbitrary constant values, by operator input for example, or else their values can be dictated by automatic control to meet specific operating and contingency requirements. Figure 11 shows, in block diagram form, a mathematical model of the UPFC with internal and external controls.
Automatic control of shunt reactive power, for the purpose of voltage regulation, is well known from conventional staticvar compensators, and the same principles can be applied here, as shown in the voltage control block of Fig. 11 . However, fast automatic control of series injected voltage to maintain a demanded P, Q condition on the line is an exciting new concept that could not be contemplated before the advent of the UPFC. It should be emphasized that this P, Q controller is not intended to simply reproduce the actions of conventional equipment such as, mechanical or thyristor-controlled, phase angle regulators, load tap-changers, and series capacitors (although the UPFC could undoubtedly do this). Instead, a generalized automatic P, Q controller is envisioned by which P and Q at a point (terminal) on the line are forced to and maintained at strategically chosen values by continuous closed-loop feedback control. The ability to define P and Q in this way opens up a range of new possibilities for power system control. Apart from the obvious advantages for power scheduling and automatic power limiting, the fast dynamic response of the UPFC power controller will automatically prevent power oscillations from existing on the line. Although it has been shown that a range of stable operating points exist for fixed values of UN, it is not self-evident that fast automatic control can be used to determine UN. Firstly, PM is a two-dimensional variable requiring a vector control system, and secondly, a suitable control structure must be devised to ensure closed-loop stability. Considerable effort has been applied to this control problem and a unique and effective power controller has been designed to implement the mathematical model shown in Fig. 11 . A description of the control system is beyond the scope of this paper, but it is relevant here to present digital simulation results that show its effectiveness.
To verify the proposed power controller, digital simulation studies were performed using EMTP. Figure 12 shows the simplified transmission system that was modeled, comprising a sending-and receivingend bus and a predominantly inductive transmission line, and Figure Clearly there are practical limitations to the UPFC, operated as a generalized power flow controller, associated with the rating of the equipment installed and the possible system imposed voltage limits and other practical constraints. These limits must necessarily be observed by the controller, and in some cases they will prevent the UPFC from achieving the mast desirable operating point. Consequently an optimization strategy is required to ensure that the best possible operating point is always achieved, based on pre-determined criteria for the particular transmission system. 
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STUDY FOR UPFC APPLICATION IN THE POWER SYSTEM OF THE WESTERN AREA POWER ADMINISTRATION
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13 shows the results obtained. As seen,the UPFC is positioned adjacent to the sending-end bus. In the first simulation, the sendingand receiving-end bus voltages are assumed to be constant, of the same 1 p.u. magnitude, and displaced by angle S=20". As illustrated in Fig. 13 , the power controller is instructedto perform a series of step changes in rapid succession. Firstly P is increased, then Q, followed by a series of decreases, ending with a negative value of Q. The waveforms, showing the injected voltage vp4, the system voltage at the two ends of the insertion transformer, v,=v, and v,=v,+v,, and the line current, illustrate clearly the operation and fast (approximately a quarter cycle) response time of the UPFC.
The second simulation, shown in Figs. 14 and 15, is intended to The Western Area Power Administration is responsible for a transmission system that consists of more than 16,500 miles of line over an area of some 1.3 million square miles. Major power and var control facilities presently used by Western include conventional phase angle regdatoxs, static var compensators, series capacitoxs, and HVDC interties. The realization of a practical UPFC has several logistic and operational advantages based upon Westem's diversity in power system facilities and equipment. With the UPFC being able to control all three line parameters (voltage, impedance, and angle), the concept of having one static piece of equipment in lieu of several distributed equipment installations has the potential for not only improved system performance, but reduced maintenance, less overall property for facilities, and simplified operations for dispatchers.
In the past, Western has studied the UPFC using small test cases to simulate system transients and dynamic response. The present full-sized planning system study examines whether the UPFC could provide multi power flow and dynamic compensation functions in a major application like the Mead-Phoenix project. This project involves the construction of a 500 kV line from the Phoenix area and superior dynamic performance. Further studies are planned which will focus on finding an effective combination of the UPFC and conventional equipment (e.g., series capacitors), and on the application of improved control algorithms, in order to come up with the best trade-off between cost and performance.
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CONCLUSIONS
The Unified Power Flow Controller, from the viewpoint of conventional transmission compensation and control, is an apparatus that can provide simullaneou, real-time control of all or any combination of the basic power system parameters (transmission voltage, line impedance and phase angle) which determine the transmittable power. However, the UPFC can also be viewed as a generalized real and reactive power flow controller that is able to maintain a prescribed P and Q at a given point (bus) on the transmission line. As is shown in the paper, a broad range of P and Q control is achievable with reasonable UPFC rating. The computer simulations indicate that the attainable response of the control is very fast, almost instantaneous, and thus the UPFC is extremely effective in handling dynamic system disturbances.
The UPFC provides a flexibility for ac power transmission control that has been hitherto achievable only by HVDC transmission. Strategically chosen and adjustable P and Q values, representing steady-state and temporaxy p w e r system requirements and contingency conditions, can be forced to and maintained at a given point on the transmission system by continuous closed-loop feedback control. Apart from the obvious advantages for power scheduling and automatic power limiting, the UPFC will also automatically counteract power oscillations and can adapt almost instantaneously to new P and Q dem'ands to enhance the transient behavior of the system and optimize its performance under transmission contingency conditions. The above hypothetical application study shows that a single UPFC could replace the combination of phase angle regulators, series capacitors, and static var compensators and provide equivalent steady-state Dr. Gyugyi has a broad experience in all areas of power conversion and control, and has been pioneering advanced power electroniobased compensation and control techniques for utility applications, for which e k r t he received the Westinghouse Order of Merit (the corporation's highest honor) in 1992. to be congratulated for a valuable paper showing clearly the basic differences in operating characteristics between UPFC (which has three independently controllable parameters) and other FACTS devices (each having only one controllable parameter).
We also presented results of transient stability enhancement comparison between various FACTS devices [l] showing the "dramatic" effect of UPFC. The UPFC is not only a very flexible device, being able to operate as any other FACTS device, but much more, as also the authors pointed out in their paper.
The authors demonstrate the effectiveness of the UPFC on simple longitudinal system presented in Fig. 12 . The UPFC is located on the terminal of the voltage source. Our calculations with an mathematical UPFC model which is in fact an extension of the model presented in Fig. 11 of the discussed paper (paper with our model and corresponding system calculations has been submitted for IEEE WM 1995) have shown some additional constraints which have to be taken into consideration if UPFC is "inside" the line (towards the middle of the line, for example). The basic assumption, UPFC series branch injected voltage phasor can be rotated arbitrary and its magnitude can be varied between 0 and some maximal value, can not be assumed for all operating conditions. Namely, the areas (let they be referred as non-defined areas) may appear, where the basic relations between electric quantities can not be fulfilled The presented system for example cannot be brought into operating point "6=80°, UT=75 kV, q=6O0". Do You have experiences with this phenomenon? Have You foreseen the control actions to detect the vicinity of non-defined areas and to avoid them in Your models?
Non-defined areas -6=80°
In Fig. 15 the real and reactive power are controlled independent to each other and are held on constant level by UPFC. Is in the simulations presented in Fig. 17 and Fig. 18 the same strategy applied, that is, does the UPFC try to hold real and reactive power on pre-fault level?
The converters produce harmonics. To avoid harmonics to flow in the system high pulse control schemes can be used which are, however, complicated, more expensive and possible also less reliable. Could authors comment on this aspect? Which number of pulses has been used and how the magnetic circuit configuration looks like? The significant point is that the control we developed for the UPFC does nor explicitly control the individual transmission parameters, such as transmission line voltage, impedance, and angle. Instead, it controls directly the real and reactive current components of the line by changing the magnitude and angle of the effective voltage at the (sending)-end of the line. This approach is inherently free of the ambiguity of separate parameter control (there is no unique solution for individual transmission line voltage, impedance, and angle for a desired line current vector, corresponding to the wanted real and reactive power flow) and it does not have the potential problems that the consolidation of several functions, each operated by an independent control loop may pose. More importantly, this control approach lends itself naturally to the optimization of transmission facilities: the transmitted real power is controllable over a wide range while the reactive power flow can be kept at a desired (minimum) level.
Study
The second question is related to power oscillation damping. The paper does actually show two possible approaches to handle power oscillations. The first one, illustrated in Figs. 14 and 15 of the paper, shows that a constant real and reactive power flow can be maintained in the line even if (either) one of the end-generators are in angular oscillation. In other words, the UPFC with a fired P and Q reference, would in effect decouple the sendingand receiving-ends. (Of course, in this case the UPFC would not aid the damping of the oscillating generator.) In the second approach, illustrated in Fig. 17 in connection with the Mead-Phoenics project, the UPFC is actively controlled damp power oscillations. This is achieved by modulating both the real and reactive power references so as to increase power transmission during the time intervals when acceleration of the "swinging" machine occurs, and decrease that when its deceleration takes place. Although that specific study was not concerned with transient stability, and thus no relevant data was generated, the inspection of Fig. 17 indicates, and other unrelated studies have verified, that the UPFC is able to increase transient stability limit more than any other power flow controller of the same rating.
The third question is related to control strategies used for transient stability improvement and power oscillation damping. The main point to see is that the UPFC, utilizing, in a general case, both its series voltage injection for real and reactive power flow control as well as its shunt reactive compensation for voltage control, has three reference inputs: real line power P, reactive line power Q, and terminal (bus) voltage V. Each of these three parameters can be modulated in order to maximize, minimize, or change in a prescribed manner the real power demand on the oscillating machine(s). Whatever strategy is selected for transient (first swing) stability improvement, it would be executed during and h e d i a t e l y following fault clearing. Subsequently, the modulation strategy considered optimum for power oscillation damping would be activated. The applicable modulation strategies are similar to those established for other type of power flow controllers and voltage regulators. However, the UPFC, controlling directly power flow and line voltage, would be able to execute most effectively their coordinated deployment for optimum results.
The fourth question is related to harmonic generation by the UPFC. The harmonic generation is, in general, a function of the power inverter circuit structure and the waveform construction technique employed. The inverter power circuit we have developed employs a structure and waveform construction technique which, without the use of filters, provides practically harmonic free operation. In other words, the output voltages and currents of the UPFC seen by the power system are practically sine waves.
In a second set of questions, Drs. Mihalic and Povh bring up an interesting subject related to a perceived operating constraint when the UPFC is connected to a relatively long transmission line segment at both its input and output terminals (e.g., the UPFC is operated at or near to the middle of the line). The discussers' own study indicates that, under this condition, the UPFC may not be able to inject the voltage vector, at all angular positions, with the desired maximum magnitude even if this magnitude is within the defined rating of the UPFC hardware.
We have been aware of this phenomenon and under appropriate system conditions we observed it with our TNA (Transient Network Analyzer) model. However, this perceived constraint is not an inherent property of the UPFC, but rather it is imposed by the particular transmission system or the selected location and operating mode of the UPFC within this system. Furthermore, the UPFC control, in our experience, automatically handles this condition.
The basic operating principle of the UPFC is to inject a voltage vector in series with the transmission line and thereby force the current in it so as to obtain the desired power transmission. It is a consequence of this principle that the power source providing this voltage vector exchanges varying amount of real and reactive power with the ac system as the magnitude and angle of the injected voltage is varied. The inverter in the UPFC executing the series voltage injection does internally generate the reactive power exchanged. However, the real power exchanged appears at the dc terminal of this inverter as a real power demand. In the particular circuit arrangement presently used to implement the UPFC, a shunt connected inverter is used to provide the real power demanded by the series inverter. Of course, since no other real power source is assumed, the series inverter draws the demanded real power from the ac system. In order to operate the UPFC with a given VA rating, without restriction, it is a fundamental requirement that the ac system is able to provide, at the "input" terminal of the UPFC, the real power exchanged through the series voltage injection. (This real power is, of course, part of the total power transmitted between the sending-and receiving-ends.) When the UPFC is moved towards the middle of a long line, and the injected voltage vector at, or near to, its maximum magnitude is rotated over the full 360°, the real and reactive power flow at particular angular positions in the line segment feeding the UPFC may be high enough to depress the line voltage to a level at which the demanded real power cannot be obtained from the ac system. At this point there would be a discrepancy between the real power demanded by the series inverter and that provided by the shunt inverter. As a result, the common dc voltage would decrease, forcing a decrease in the magnitude of the injected voltage vector until an equilibrium between the UPFC input power (Mwatts drawn by the shunt inverter) and output power (Mwatts exchanged by the series inverter) is established. If the shunt inverter is controlled to maintain the common dc capacitor voltage, the UPFC will automatically settle in an operating point at which the series voltage injection is sustainable.
Since the above situation is not inherent to the UPFC but system imposed, there are two simple ways to avoid it. One is to operate the UPFC from a strong enough bus which is consistent with the rating and the expected operating mode(s) of the UPFC. The other is to appropriately rate the shunt inverter and use its reactive compensation capability for voltage support at its Ynput" terminal, and in this way in effect establish a strong enough supply bus there.
The second question of Drs. Mihalic and Povh deals with power oscillation damping, specifically asking whether the same control strategy is used in the simulation results shown in Figs. 14 and 15, and those presented in Figs. 17 and 18. This question is essentially the same as the second question of Mr. Faybisovich, and the answer to that is already given above.
The last question is related to the implementation of the power inverters, the relationship between waveform quality (harmonics), circuit complexity, cost and reliability. This question really addresses design philosophy and our answer is given in general terms.
The first important point is that a given equipment rating (MVA) will require the same number of power semiconductors independently of circuit configuration and pulse number, assuming large enough (transmission size) equipment, semiconductors with the same voltage and current ratings, sound engineering design, and similar design and operating margins. Consequently, the electronic complexity related to number of semiconductors, auxiliary components (snubber, etc.), gate drive circuits, fiber optical links, etc., as well as to mechanical parts (heat sinks, water pipes and connections, etc.) remain the same. The basic design considerations regarding the use of relatively high or relatively low pulse numbers are thus essentially related to non-electronic issues and trade-offs. These include:
Low pulse number design. Advantages: Requires simple magnetic structure, has relatively low output current and correspondingly small size bus bars. Because it inherently requires relatively large number of series-connected power semiconductors, implementation of device redundancy is relatively inexpensive. Disadvantages: The series connection of relatively large number of power semiconductors results in correspondingly increased current commutation, protection, and voltage insulation problems. Inherently high harmonic generation requires either large filters or pulsewidth modulation (PWM) with smaller filter(s). Harmonic currents may reduce power semiconductor utilization (requiring an increase in the number of devices), PWM increases operating losses. Partial availability (in case of inverter failure) is not practical.
High pulse number design. Advantages: Harmonic generation is inherently low, requiring no filters. The switching frequency of the semiconductors can be kept at a practical high power UPFC. We have firmly decided on a multi-pulse implementation that requires no output filters. Our experience with a 100 MVA, 48-pulse inverter, which has gone through final testing and presently being installed at the Sullivan substation of the TVA (Tennessee Valley Authority) transmission network to provide & 100 MVAR reactive compensation, has so far fulfilled all our expectations. the fundamental system frequency (60 or 50 Hz) to minimize operating losses. The harmonicifree, sinusoidal inverter current allows full utilization of power semiconductors. The number of power semiconductors in series is relatively small (5-20), the corresponding current commutation, protection and insulation problems are more readily manageable. Depending on the implementation, the multi-pulse inverter structure can be designed for partial availability. Disadvantages: Requires more complex magnetic structure. For relatively small number of seriesconnected power semiconductors, device redundancy requirement may increase cost.
With the above, general design considerations we have carried out a detailed evaluation regarding the implementation of the inverter structure we plan to use in
In the E M " (and subsequent TNA) simulations described in the paper both the series and shunt inverters have 48-pulse structure. The magnetic circuit is proprietary and cannot be revealed this time.
